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ABSTRACT rendering tubers unsaleable (Henninger et al., 1979;
Sterrett and Henninger, 1997). In a 3-yr survey of NorthInternal heat necrosis (IHN) is a severe physiological disorder of
Carolina and Virginia growers, Sterrett and Wilsonpotato (Solanum tuberosum L.) tubers, characterized by brown spots
(1990) reported that 3.2 to 11.2% of the acreage ofthat first appear near the apical end of the tuber parenchyma, although
Atlantic was left unharvested when the tubers were off-most of the parenchyma tissue is involved in severe cases. The pur-

poses of this study were to evaluate 4x-2x clones of S. tuberosum � grade because of IHN. The potential for economic loss
S. phureja Juz. & Bukasov–S. stenotomum Juz. & Bukasov (phu-stn) exists in most spring and summer production areas
for specific gravity (SG) and incidence and severity of IHN in the where Atlantic is grown for chip processing directly
mid-Atlantic states, and identify clones with low incidence and severity from the field (S. Molnar, 2000, personal communi-
of IHN and high SG for future enhancement efforts in S. tuberosum. cation).
In 1999 and 2000, 26 and 88 4x-2x clones, respectively, and the check Symptoms of IHN in the tuber include round-to-irreg-cultivar ‘Atlantic’ were grown in North Carolina, Virginia, and New

ular, light tan to reddish-brown spots or blotches oc-Jersey, in a randomized complete block design with two replications.
curring primarily in the parenchyma tissue internal toAt harvest, tubers � 64 mm in diameter were rated for IHN. The
the vascular ring (Sterrett et al., 1991a). There are noSG was also determined. The correlation between incidence and sever-
external symptoms of IHN. Internal symptoms initiallyity of IHN was very high; however, there was no correlation between

IHN and SG. There were significant differences among the clones occur near the apical end of the tuber, but with time
for SG and IHN. There were also significant clone � location interac- can spread to include most of the parenchyma tissue.
tions for SG and IHN. Several 4x-2x clones were identified each year A subjective scale developed by Sterrett and Henninger
with significantly less IHN, and higher SG than Atlantic. The majority (1997) is used to document the severity of IHN.
of these clones were stable both before and after removal of environ- Many other terms in the literature have been used to
mental heterogeneity. These results indicate that phu-stn has the describe symptoms similar to those of IHN, includingpotential to expand the tetraploid potato breeding base for both high

internal brown spot (Friedman, 1955), internal brow-SG and resistance to IHN in the mid-Atlantic states.
ning (Ellison and Jacob, 1952), internal physiological
necrosis (Larson and Albert, 1945), chocolate spot (Ka-
mal and Marroush, 1971), and internal rust spot (Seppa-Potatoes are primarily a cool season crop, with the
nen, 1975; Collier et al., 1978).bulk of production in the USA harvested in the fall

The influence of several environmental factors on theacross the northern tier States. However, spring and
expression of IHN has been studied. Iritani et al. (1984)summer potato production in the mid-Atlantic states
reported that internal brown spot in ‘Russet Burbank’was valued at $58 411 000 in 2000 (National Potato
was delayed with delayed planting date; a similar findingCouncil, 2001). Although this value is small in relation
was reported by Sterrett et al. (1991b) for expression ofto the total value of potato production in the USA, the
IHN in round-white cultivars. Ellison and Jacob (1952)mid-Atlantic states produce ≈10% of the total spring
reported an increase in the incidence of internal brownproduction and �23% of the summer production in the
spot with earlier planting dates in round-white cultivars.country (National Potato Council, 2001). As a result of
Delaying planting in the mid-Atlantic states reduces thethis spring and summer production, the 69 potato chip
marketable yield and economic return, thus limiting theprocessing plants in the eastern USA have a fresh supply
potential of managing IHN by planting date (Sterrettof product during this period.
and Henninger, 1997). Ellison and Jacob (1952) re-Possessing the important traits of high yield, high SG,
ported that tubers from plants with green vines had agood chip color, and wide adaptability, Atlantic is the
greater incidence of IHN than those from dead vines.number one chipping cultivar grown in the USA (Na-
However, Sterrett and Henninger (1997) reported thattional Potato Council, 2001). However, Atlantic is sus-
in years where IHN was severe, vine-kill treatments didceptible to the physiological disorder IHN in which ne-
little to decrease the incidence of IHN over the non-crotic tissue develops within the pith of the tuber,
vine-killed controls. With the associated reduction in
yield, vine-killing did not offer an effective strategy for
managing IHN in the mid-Atlantic states. Because IHNS.B. Sterrett, Virginia Polytechnic and State Univ., Eastern Shore

Agric. Res. and Extension Center, Painter, VA 23420; M.R. Hen- typically occurs in larger size tubers in current commer-
ninger, Rutgers Univ., New Brunswick, NJ 08903; G.C. Yencho, North cial cultivars, a more narrow in-row spacing is recom-
Carolina State Univ., Vernon James Res. and Extension Center, Plym- mended to decrease the potential to develop oversizedouth, NC 27962; W. Lu, Northeast Agricultural Univ., Harbin, Heilon-

tubers (Sieczka and Thornton, 1993). However, increas-gjiang 150030, People’s Republic of China; B.T. Vinyard, Biometrical
Consulting Service, Beltsville, MD 20705; and K.G. Haynes, USDA/ ing plant density is done at increased expense to the
ARS, Vegetable Laboratory, Beltsville, MD 20705. *Corresponding
author (haynesk@ba.ars.usda.gov).
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producer. Minimum and maximum temperatures ex- progeny through first division restitution gametes (Pelo-
quin, 1982). The actual amount of genetic variationceeding the optimum for potato growth, rainfall events,

and tuber size distribution have been used in modeling transmitted sexually is a function of the mechanism of 2n
pollen formation and the frequency of single exchangeto predict occurrence and development/severity of IHN

in Atlantic in the mid-Atlantic states (Sterrett et al., tetrads in the diploid parent (Haynes, 1990). The in-
breeding coefficient of a 4x-2x hybrid is a complex func-1991b).

High tuber SG is an important quality factor in the tion of the coancestry of the parents, the inbreeding of
the parents, the coefficient of double reduction in thepotato chipping industry. High-SG tubers yield more

processed product per unit of raw product, and produce tetraploid parent, and the frequency of single exchange
tetrads in the diploid parent, and depends on the mecha-more rigid, crisp, and less oily chips (Kunkel et al., 1951).

Little progress has been made in breeding for high SG nism of 2n pollen formation (Haynes, 1992; Haynes and
Potts, 1993). Wannamaker and Collins (1992) reportedsince the release of Atlantic (Webb et al., 1978). Plaisted

and Peterson (1963) reported that recurrent selection that high SG could be transmitted to 4x-2x hybrids from
high-SG diploid parents. To our knowledge, 4x-2xwithin the U.S. tetraploid potato germplasm base would

not result in great increases in SG. They reported an clones generated from this phu-stn population have not
been evaluated for their resistance to IHN.average gain of ≈0.0004 in SG per selection cycle.

Haynes et al. (1995) detailed the extensive use of ‘Len- The purposes of this study were to: (i) evaluate several
clones of 4x-2x Solanum tuberosum � phu-stn for inci-ape’, a high-SG potato and one of the parents of Atlan-

tic, as an ancestor in many of the potato cultivars devel- dence and severity of IHN and SG in the mid-Atlantic
states; (ii) determine the stability of incidence and sever-oped since Lenape (Akeley et al., 1968). Love et al.

(1998) concur with this assessment and further state that ity of IHN and SG in each clone; and (iii) identify clones
with resistance to IHN and high SG for future enhance-the development of Lenape was responsible for a large

portion of the progress that has been made in breeding ment efforts for these traits in S. tuberosum.
for improved chipping quality since 1970. Atlantic and
‘Snowden’ are the two major high-SG potato cultivars

MATERIALS AND METHODSwidely grown in the USA (National Potato Council,
2001). These are half-sibs (Love, 1993), and both are Clonal Material
susceptible to IHN. The 4x-2x clones evaluated in this study originated from

Efforts are underway to breed new high-SG cultivars controlled crosses made during the spring of 1991–1993 be-
free of IHN for the mid-Atlantic region. Henninger tween advanced tetraploid S. tuberosum selections or cultivars
et al. (2000) obtained high estimates of broad-sense and diploid phu-stn clones from the first selection cycle for

high SG (Haynes, 2001), or from the yellow-flesh populationheritability for IHN for several clones from the tetra-
that produced a high frequency of 2n pollen (Haynes, 2000).ploid USDA/ARS S. tuberosum germplasm breeding
Seeds were extracted 6 to 8 wk after pollination, dried, andbase when grown in the mid-Atlantic states. Although
stored at 4�C and 40% relative humidity. True seed was al-they found that there was generally no relationship be-
lowed to age for at least 1 yr, then treated with 1500 mg kg�1

tween SG and susceptibility to IHN, they did report
gibberellic acid for 24 h, rinsed with tap water, allowed to airthat clones derived from Atlantic were more susceptible dry, and sown in flats of Jiffy Mix (Jiffy Products of America,

to IHN. Thus, efforts to combine high SG and resistance Inc., West Chicago, IL) during the fall of each year as they
to IHN in S. tuberosum alone have so far not been became available (1993–1995). These were subsequently trans-
successful (Henninger et al., 2000). planted into 8.9-cm clay pots filled with Jiffy Mix in the green-

One reason for the lack of improvement in SG may house at Beltsville, MD. In early December, the largest tuber
from each pot was harvested, bulked by family, put into muslinbe the relatively narrow genetic base of S. tuberosum
bags, and placed in 4�C, 95% relative humidity storage. Tubers(Mendoza and Haynes, 1974). Alternate germplasm
were shipped to Presque Isle, ME, in late April.sources for the high-SG breeding effort have been devel-

All clones were grown in the field following a plowed downoped using a diploid hybrid potato population of phu-
timothy–clover (Phleum pratense L.–Trifolium spp.) sod coverstn (Haynes, 1972, 2001; Haynes and Haynes, 1990;
crop with a soil pH ranging from 5.0 to 5.4. The test locationHaynes et al., 1989, 1995; Ruttencutter et al., 1979). was fertilized with 1200 kg ha�1 of 14-14-14 N-P-K banded

Many of the individual clones in this long-day adapted in-row at planting. Cultural practices were similar to those
phu-stn population have significantly higher SG than used on commercial farms in the area.
Atlantic (Haynes, 2001). Moreover, about one-third of In May of each year (1994–1996), seedling tubers were
the total variation for SG in this population was reported planted contiguously in the field on Chapman Farm, Presque

Isle, ME, on a Caribou gravelly loam soil (fine-loamy, isotic,to be additive genetic in nature (Haynes et al., 1989)
frigid Typic Haplorthods). At harvest, clones were selectedand another one-third nonadditive genetic, with the re-
on the basis of horticultural characteristics such as size, yield,mainder of the variation due to environment and geno-
relative smoothness, and nonsprouting for replanting the fol-type � environment interactions (Haynes et al., 1995).
lowing year (1995–1997). These selections were replanted eachThese findings are important considerations when utiliz-
of the next 2 yr and selected using the same criteria. Sufficienting this adapted population in 4x-2x crosses to enhance seed stock of 26 selections in the first group (from the 1994

the tetraploid breeding base for alternate sources of and 1995 seedling generations) and 88 selections in the second
high SG. group (from the 1996 seedling generation) was tested in the

A large part of the genetic composition of a superior mid-Atlantic states (North Carolina, Virginia, New Jersey) in
1999 and 2000, respectively. Atlantic (highly susceptible todiploid clone can be sexually transmitted to its tetraploid



792 CROP SCIENCE, VOL. 43, MAY–JUNE 2003

IHN) and an advanced breeding selection, B9955-11 (highly was partitioned into s2
i components assignable to each clone

(Kang, 1989).resistant), were included as checks in 1999; only Atlantic was
included in 2000.

In the year before testing in the mid-Atlantic states, five
RESULTS AND DISCUSSIONtubers from each of these clones were saved from the Septem-

ber harvest and evaluated (nonrandomized, nonreplicated Differences in temperature stress between years and
evaluations) in Presque Isle, ME, for their chipping ability locations can be seen using the accumulated heat unitfollowing storage at 10�C into December.

model developed by Lee et al. (1992) (Fig. 1). In thisAt each mid-Atlantic location, tubers were planted in a
model, heat stress results in a reduction in accumulatedrandomized complete block design consisting of two replicates
heat units since a penalty is imposed when the tempera-of 20 hills per clone. Planting and harvest dates and soil type
ture exceeds the optimum maximum or minimum. Thefor each location are given in Table 1. At each location, all
steeper slope of the accumulated heat units plotted ontubers were harvested from each plot, sized into groups � 48,

48 to 64, 64 to 83, and � 83 mm in diameter, and weighed. days after planting (DAP) for New Jersey and Virginia
SG was determined from a sample of tubers 64 to 83 mm in in 1999 suggest temperatures consistently approaching
diameter using the weight in air and weight in water method the maximum and minimum optimum for potato (25�
(Murphy and Goven, 1959). All tubers � 64 mm in diameter and 21�C, respectively). Slower accumulation of heat
were counted, quartered longitudinally and scored for IHN units early (0–60 DAP) and greater total accumulated
using the subjective scale (1–9, where 1 � most of pith paren-
chyma tissue necrotic, 9 � no IHN) developed by Sterrett
and Henninger (1997).

Statistical Analysis

Two IHN variables for each plot were calculated. Incidence
of IHN was calculated as the number of tubers showing symp-
toms of IHN and divided by the total number of tubers. Sever-
ity of IHN was calculated for all tubers � 64 mm in diameter
by multiplying the number of tubers within each category by
the score for that category summed across all categories and
divided by the total number of tubers. The correlations among
incidence and severity of IHN and SG were calculated for
each environment. Incidence and severity of IHN and SG
were analyzed for all 4x-2x clones and the check cultivars,
using the mixed procedure in the Statistical Analysis System
(Littel et al., 1996), considering locations, clones, and the
location � clone interaction to be fixed. Error variability was
partitioned to accurately model the differently-sized variation
among locations. For significant clone � location effects, ap-
propriate contrast statements were used to compare incidence
and severity of IHN, and SG between Atlantic and the other
clones within a location, with the exception that Atlantic was
not evaluated for IHN in North Carolina in 2000. Least square
means (clonal marginal means) for the 4x-2x clones by location
were computed for incidence and severity of IHN, and SG, and
the clone � location interaction was partitioned into stability-
variance components (�2

i ) assignable to each clone (Shukla,
1972), using the interactive matrix language procedure in SAS
(Kang, 1989). An environmental index was calculated for each
variable as the least square mean of all clones across all three
locations minus the least square mean of all clones in each
location. Heterogeneity, or nonadditivity, due to this environ-
mental index was removed from the clone � location interac-
tion, and the remainder of the clone � location interaction

Table 1. Planting and harvest dates for the 26 and 88 4x-2x potato
clones evaluated in the internal heat necrosis study conducted
in Bridgeton, NJ, Painter, VA, and Plymouth, NC, in 1999 and
2000, respectively.

Location Year Planting Date Harvest Date Days to Harvest

Plymouth, NC 1999 17 March 8 July 112
Painter, VA 1999 22 April 26 July 94
Bridgeton, NJ 1999 6 April 10 August 125
Plymouth, NC 2000 14 March 11 July 118 Fig. 1. Accumulated heat units according to the model of Lee et al.
Painter, VA 2000 8 March 11 July 124 (1992) during the growing season for Plymouth, NC, Painter, VA,
Bridgeton, NJ 2000 7 April 7 August 121 and Bridgeton, NJ, in 1999 and 2000.
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Table 2. Correlations among incidence and severity of internal
heat necrosis and specific gravity for 4x-2x clones grown in
Plymouth, NC, Painter, VA, and Bridgeton, NJ, in 1999 and
2000.

Incidence Specific Gravity

Location 1999 2000 1999 2000

Severity North Carolina �0.89** �0.89** �0.07 0.08
Virginia �0.94** �0.91** �0.10 0.05
New Jersey �0.88** �0.95** �0.03 �0.02

Specific Gravity North Carolina �0.08 �0.11 – –
Virginia 0.02 �0.04 – –
New Jersey �0.04 0.00 – –

** Significant at the 0.01 level of probability.

heat units is indicative of cooler growing conditions for
New Jersey and Virginia than North Carolina in 2000.

The correlations between incidence and severity of
IHN at all locations in 1999 (�0.88 � r � �0.94) and
2000 (�0.89 � r � �0.95) were very strong (Table 2).
There was no correlation between either incidence or
severity of IHN and SG (Table 2).

There were no significant differences for incidence
Fig. 2. Distribution of clones for incidence (� 100) of internal heat

or severity of IHN among locations in 1999 (Table 3). necrosis and stability before (�2
i ) removal of environmental hetero-

Because of the high correlations between incidence and geneity and specific gravity (SG) for the 26 4x-2x clones and the
two checks (‘Atlantic’ and B9955-11) grown in Plymouth, NC,severity, and space limitations, only specific data for
Painter, VA, and Bridgeton, NJ, in 1999. Two clones with SG �incidence of IHN will be reported further, although
1.090 are not shown.severity of IHN will be discussed in general terms. The

mean incidence and severity of IHN for all clones in
or significantly less IHN than Atlantic at either of the1999 was 0.23 and 8.39, respectively. However, there
two locations where Atlantic was evaluated; however,were significant differences among locations for inci-
none had significantly less IHN at both locations. Nodence and severity of IHN in 2000 (Table 3). Incidence
clones had significantly less IHN than Atlantic in Vir-and severity of IHN ranged from 0.42 and 7.72 in Vir-
ginia. Although the mean incidence of IHN was similarginia to 0.19 and 8.42 in New Jersey, respectively; North
at both locations (0.36 vs. 0.37), the much greater vari-Carolina was intermediate at 0.30 and 8.06, respectively.
ability in Virginia compared with New Jersey (�2

e �There were significant differences for incidence and
0.26 vs. 0.009) made it impossible to show that clonesseverity of IHN among 4x-2x clones in 1999 and 2000

without IHN had significantly less IHN than Atlantic(Table 3). The mean incidence of IHN in Atlantic was
(incidence � 0.36). Twenty-two clones were unstable0.63 in 1999 (Fig. 2) and 0.37 in 2000 (Fig. 3). The mean
for incidence of IHN before (Fig. 3) and after environ-severity of IHN in Atlantic was 7.50 and 8.01 in 1999
mental heterogeneity was removed.and 2000, respectively. In 1999, the average incidence

There were significant differences among locationsof IHN for the 26 4x-2x hybrids ranged from 0.00 to
for SG in 1999 (Table 3). In general, SG increases the0.86 (Fig. 2) and severity ranged from 5.45 to 9.00. In
further north potatoes are grown. However, in 1999,2000, the average incidence for the 88 4x-2x hybrids
the highest SG in this study was observed in Northranged from 0.00 to 0.92 (Fig. 3) and severity ranged
Carolina. There were relatively few penalty days (daysfrom 3.15 to 9.00. Among the 1999 4x-2x hybrids, 17 of
when the maximum and/or minimum temperatures ex-26 had significantly less IHN than Atlantic at all three
ceeded the optimal for potato development) associatedlocations; all but four of these were stable before re-
with the accumulated heat unit model of Lee et al.moval of environmental heterogeneity and only one was
(1992) in North Carolina, whereas, as evidenced by theunstable after removal of environmental heterogeneity.

Of those tested in 2000, 69 of 88 4x-2x hybrids had equal rapid decline in accumulated heat units in Virginia and

Table 3. Tests of fixed effects from the analysis of variance on incidence and severity of IHN and specific gravity (SG) for 26 and 88
4x-2x clones plus check clones grown in Bridgeton, NJ, Painter, VA, and Plymouth, NC, in 1999 and 2000, respectively.

1999 2000

Source NDF† DDF‡ Incidence Severity SG NDF DDF Incidence Severity SG

location 2 3 ns§ ns ** 2 3 ** ** **
clone 27 81 ** ** ** 88 262 ** ** **
clone � location 54 81 ** ** ** 176 262 ** ** **

* Significant at the 0.05 level of probability.
** Significant at the 0.01 level of probability.
† NDF � numerator degrees of freedom.
‡ DDF � denominator degrees of freedom.
§ ns � not significant.
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nine were unstable after environmental heterogeneity
was removed.

In the year before their evaluation for IHN in the mid-
Atlantic states, tubers from these 4x-2x hybrids were
processed into potato chips out of 10�C storage into
December in Presque Isle, ME. In the first group, all
but two of the clones chipped acceptably; and in the
second group, 66 of the 88 4x-2x clones processed as
well as Atlantic. There were neither time nor facilities
to process tubers into chips from these clones in the
mid-Atlantic states, but generally, clones which process
from early storage in Maine will process directly from
the field in the mid-Atlantic states. Many of these clones
produced chips much lighter in color than Atlantic (data
not shown).

The diploid parents involved in the 4x-2x crosses re-
ported herein were from the same population of clones
that Haynes et al. (1995) reported to be stable for SG
both before and after removal of environmental hetero-
geneity. This group of diploid clones has thus success-
fully transmitted not only high SG to their tetraploid
progeny, but stable high SG.

These data suggest that the introduction of this dip-
loid hybrid phu-stn germplasm into the tetraploid breed-
ing base has significantly improved the population for
resistance to IHN and added new genetic material for
high SG. Many of the 4x-2x hybrids generated and eval-
uated in this study have combined both high SG and
resistance to IHN, a combination of characteristics cur-
rently unavailable in commercial potato cultivars (Fig. 2
and 3, Table 4). Nondormancy is a characteristic of S.

Fig. 3. Distribution of clones for incidence (� 100) of internal heat phureja, whereas longer dormancy is a characteristic of
necrosis and stability before (�2

i ) removal of environmental hetero- S. stenotomum. The original diploid phu-stn population
geneity and specific gravity (SG) for the 88 4x-2x clones and the from which these 4x-2x hybrids were generated has beencheck (‘Atlantic’) grown in Plymouth, NC, Painter, VA, and

selected against sprouting at harvest for 11 cycles ofBridgeton, NJ, in 2000.
selection. In the initial selection cycles in Presque Isle,
ME, 4x-2x clones were saved which were also notespecially New Jersey, conditions were more stressful
sprouting at harvest. Many of these 4x-2x hybrids have alate in the growing season (Fig. 1). In 2000, the SG
shorter dormancy period than commercial S. tuberosum.ranged from 1.069 in North Carolina to 1.082 in New
This should not be a problem in using this material toJersey and followed the generally accepted pattern of
develop new cultivars for the chipping industry in theincreasing SG from southern to northern locations. The
mid-Atlantic states, since these areas plant so muchpotatoes grown in North Carolina were under the most
earlier than the northern tier states. Shorter dormancyheat stress, as evidenced by the steep decline in accumu-
would actually be beneficial to areas such as North Caro-lated heat units late in the growing season; potatoes in
lina, which are planting as early as late February orVirginia were under more moderate stress and those
early March, and Virginia and New Jersey, which aregrown in New Jersey were under the least stress of the
planting as early as March or April and which buy theirthree locations (Fig. 1).
seed from the late-harvesting (September and October)There were also significant differences for SG among
northern tier states. Shorter dormancy should also notclones in 1999 and 2000 (Table 3). The mean SG of
pose much of a problem following harvest in these mid-Atlantic was 1.076 and 1.081 in 1999 and 2000, respec-
Atlantic areas, as most of the potatoes are used in thetively. The mean SG of the 4x-2x clones grown in 1999
processing industry within three days of harvest in theranged from 1.071 to 1.097 (Fig. 2) (two clones with
mid-Atlantic states. No sprouting was observed in thisSG � 1.090 not included in figure). Of these, the SG
material for up to the 2 wk it took to collect all the dataof all but one clone were equal to or greater than that
following each harvest.of Atlantic. Only three 4x-2x clones were unstable be-

The underlying physiological and/or biochemicalfore the removal of environmental heterogeneity and
mechanisms for resistance to IHN is currently unknown.two were still unstable after the removal of environmen-
The possible role of Ca on internal disorders has beental heterogeneity. In 2000, 49 of the 88 4x-2x clones had
discussed by Olsen et al. (1996). Calcium is importanta SG greater than or equal to the SG of Atlantic at all
in maintaining cell wall stability and integrity (Iiyamathree locations. Only 14 4x-2x clones were unstable for

SG before environmental heterogeneity was removed; et al., 1994). Tubers have low levels of endogenous Ca
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Table 4. Incidence of internal heat necrosis (IHN) and specific gravity and stability-variance statistics before (�2
i ) and after (s2

i ) the
removal of environmental heterogeneity for a few of the most resistant and most susceptible 4x-2x clones grown in Plymouth, NC,
Painter, VA, and Bridgeton, NJ, in 2000.

Incidence of IHN† Specific Gravity‡

Clone NC VA NJ �2
i s2

i NC VA NJ �2
i s2

i

‘Atlantic’ NT 0.36 0.37 – – 1.073 1.084 1.087 – –
BTD0105-2 0.98 0.88b 0.78b ns§ ns 1.071 1.086 1.094 * ns
BTD0111-1 0.00 0.03 0.00a ns ns 1.072 1.074b 1.080 ns ns
BTD0112-3 0.00 0.00 0.03a ns ns 1.076 1.084 1.087 ns ns
BTD0114-1 0.30 0.16 0.50 ** ns 1.056b 1.065b 1.068b ns ns
BTD0118-5 0.13 0.28 0.03a ns ns 1.077 1.072b 1.077b ** ns
BTD0120-2 0.55 0.68 0.29 ns ns 1.069 1.078 1.079b ns ns
BTD0124-5 0.19 0.14 0.00a ns ns 1.057 1.070b 1.066b ns *
BTD0127-3 0.73 0.92b 0.78b ns ns 1.065 1.079 1.081 ns ns
BTD0128-5 0.20 0.60 0.25 ns ns 1.060b 1.075b 1.081 ns ns
BTD0135-1 0.13 0.05 0.05a ns ns 1.078 1.080 1.088 ns ns
Mean of all 88 4x-2x hybrids 0.29 0.42 0.19 1.069 1.077 1.082

* Significant at the 0.05 level of probability.
** Significant at the 0.01 level of probability.
† Within a location, means followed by an ‘a’ have significantly less incidence of IHN than ‘Atlantic’ at the 5% level; means followed by a ‘b’ have

significantly higher incidence of IHN than Atlantic at the 5% level.
‡ Within a location, means followed by an ‘a’ have significantly higher specific gravity than Atlantic at the 5% level; means followed by a ‘b’ have

significantly lower specific gravity than Atlantic at the 5% level.
§ ns � not significant.
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